Abstract Increased osteopontin (OPN) expression in the heart, specifically in myocytes, associates with increased myocyte apoptosis and myocardial dysfunction. Recently, we provided evidence that OPN interacts with CD44 receptor, and induces myocyte apoptosis via the involvement of endoplasmic reticulum stress and mitochondrial death pathways. Here we tested the hypothesis that OPN induces oxidative stress in myocytes and the heart via the involvement of mitochondria and NADPH oxidase-4 (NOX-4). Treatment of adult rat ventricular myocytes (ARVMs) with OPN (20 nM) increased oxidative stress as analyzed by protein carbonylation, and intracellular reactive oxygen species (ROS) levels as analyzed by ROS detection kit and dichlorohydrofluorescein diacetate staining. Pretreatment with NAC (antioxidant), apocynin (NOX inhibitor), MnTBAP (superoxide dismutase mimetic), and mitochondrial K ATP channel blockers (glibenclamide and 5-hydroxydecanoate) decreased OPN-stimulated ROS production, cytosolic cytochrome c levels, and apoptosis. OPN increased NOX-4 expression, while decreasing SOD-2 expression. OPN decreased mitochondrial membrane potential as measured by JC-1 staining, and induced mitochondrial abnormalities including swelling and reorganization of cristae as observed using transmission electron microscopy. OPN increased expression of BIK, a pro-apoptotic protein involved in reorganization of mitochondrial cristae. Expression of dominant-negative BIK decreased OPN-stimulated apoptosis. In vivo, OPN expression in cardiac myocyte-specific manner associated with increased protein carbonylation, and expression of NOX-4 and BIK. Thus, OPN induces oxidative stress via the involvement of mitochondria and NOX-4. It may affect mitochondrial morphology and integrity, at least in part, via the involvement of BIK.
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Introduction
Matricellular proteins are a class of non-structural extracellular matrix proteins which modulate cellular functions mostly via their interaction with cell surface receptors, other structural proteins and extracellular factors such as growth factors and cytokines [1] [2] [3] . The matricellular protein osteopontin (OPN, also called cytokine Eta-1) is a glycosylated phosphoprotein [3] . It has the adhesive arginine-glycine-aspartate (RGD) motif, and is shown to interact with a variety of integrins. Hyaluronan receptor, CD44, is also identified as a receptor for OPN. Tissue injury and inflammation increase OPN expression in a variety of cells, and OPN plays an important role in tissue homeostasis, immune regulation, bone resorption, wound healing, etc. [4] [5] [6] .
In the heart, OPN is expressed constitutively by myocytes, endothelial cells, and fibroblasts. However, OPN expression increases markedly in the heart under a variety of pathophysiological conditions [2, 3] . Increased OPN expression in myocytes associates with increased myocyte apoptosis and myocardial dysfunction in different models of heart disease [7] [8] [9] [10] . Furthermore, expression of OPN in a myocyte-specific manner in the mouse heart led to increased myocyte apoptosis and myocardial dysfunction [11, 12] . Recently, we provided evidence that OPN interacts with CD44 receptors, and OPN acting via CD44 receptors induces apoptosis in cardiac myocyte. This OPNstimulated apoptosis involves induction of endoplasmic reticulum (ER) stress and mitochondrial death pathways [12] .
Reactive oxygen species (ROS) and oxidative stress are important features of cardiovascular disease [13] . Normal cellular metabolism induces accumulation of low levels of ROS, which is attributable to the equilibrium of disposal rates by antioxidants and enzyme systems within the cell [14] . This low level oxidative stress is generally nonpathogenic [15] . However, disruption of this balance by toxic insults can cause overproduction of ROS and create oxidative stress [14] . NADPH oxidase (NOX) and mitochondria are considered as major sources of ROS in cardiovascular system. NOX-4 isoform localizes in the mitochondria of cardiac myocytes, and upregulation of NOX-4 associates with increased ROS production in mitochondria [16] . Increased ROS production induces mitochondrial permeability transition (mPT) [17] , leading to matrix swelling, outer membrane rupture, release of apoptotic signaling molecules, such as cytochrome c from the intermembrane space, and irreversible injury to the mitochondria [18, 19] . Endoplasmic reticulum (ER; sarcoplasmic reticulum in myocytes) communicates with the mitochondria via focal points interaction called mitochondrial-associated ER membrane (MAM). The MAM is the signaling juncture that facilitates calcium and lipid transfer between the organelles and modulates their function along with cell fate determination [20] . In cells of non-cardiac origin, influx of calcium from ER to the mitochondria is shown to affect mitochondrial morphology and stimulate apoptosis. This calcium influx is promoted by pro-apoptotic proteins such as BAX and BIK [20, 21] . BIK is reported to predominantly localize to the ER [22] . However, it is also shown to localize to the mitochondria [23] . Increased BIK expression induces mitochondrial cristae fragmentation via Drp-1, an important regulator of mitochondrial dynamics [20, 24] . BIK expression is prominent in the heart [23, 25] . However, its role in myocyte apoptosis remains to be investigated.
OPN is suggested to act as a promoter or inhibitor of oxidative stress in renal diseases. [26, 27] . The objective of this study was to examine if OPN induces oxidative stress in myocytes and the heart, and to elucidate the molecular signals involved in OPN-stimulated oxidative stress and apoptosis. The data presented here suggest that OPN induces oxidative stress, mitochondrial depolarization and affects mitochondrial integrity via the involvement of NOX-4, SOD-2, opening of mitochondrial K ATP channels (mitoK ATP ) and BIK.
Materials and methods
Experimental animals
The study used adult male Sprague-Dawley rats and transgenic mice expressing OPN in a cardiac myocytespecific manner. The investigation conforms to the guide for the Care and Use of Laboratory animals published by the US National Institutes of Health (NIH Publication No. 85-23, Revised 1996). All the experiments were performed in accordance with the protocols approved by the East Tennessee State University Committee on Animal Care.
Cell isolation, culture, and treatments Calcium-tolerant ARVMs or AMVMs (adult mouse ventricular myocytes) were isolated from the hearts of adult male Sprague-Dawley rats (150-200 g) or C57BL/6 mice (20-25 g) as described [12] . ARVMs or AMVMs, cultured for 24 h, were treated with purified mouse OPN protein (20 nM; R&D system) for various time-points. N-acetyl-Lcysteine (NAC; 1 mM; Enzo Life Sciences), apocynin (APO; 200 lM; Calbiochem), manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP; 10 lM; Calbiochem), glibenclamide (GLIB; 5 lM; SM Biochemicals) or 5-hydroxydecanoate (5-HD; 1 lM; Sigma) were added 30 min prior to OPN treatment. The inhibitors were maintained in the medium during the treatment period with OPN.
OPN transgenic mice
To express OPN in cardiac myocyte-specific manner, two mouse lines (a-MHC-tTA; received from Dr. Anthony Baker, Veterans Affairs Medical Center, San Francisco, CA and TetO-OPN; received from Dr Alain-Pierre Gadeau, University of Bordeaux Victor Segalen, Pessac, France) were used [11, 12] . The transgenic mice were bred and maintained on a doxycycline diet (200 mg/kg, no. S3888; Bio-serve, Frenchtown, NJ). To induce OPN expression in adult heart, doxycycline was withdrawn from the diet when mice were *4 months old.
Adenovirus infection
Adenoviruses expressing mouse OPN (courtesy of Dr Toshimitsu Uede, Hokkaido University, Japan) and mutant BIK (courtesy of Dr Gordon C. Shore, McGill University, Montreal, Canada) were propagated using HEK-293 cells. ARVMs were infected with the adenoviruses expressing OPN, mutant BIK or green fluorescent protein (GFP) at a multiplicity of infection of 50-100/cell for 48 h.
RT-PCR
Total RNA (1 lg) was reverse transcribed using SuperScript III RT kit (Thermo Fisher Scientific). Primer sequences for RT-PCR amplification were as follows: BIK; 5 0 -CCGCTACGCCAGCTTAGCCG-3 0 and 5
0 . The PCR products were analyzed by agarose gel electrophoresis.
Apoptosis
To detect apoptosis, ARVMs were plated on glass coverslips and stained using in situ cell death detection kit (Roche Biochemicals) [12] . Percentage of TUNEL-positive cells (relative to total ARVMs) was determined by counting *200 cells in 10 randomly chosen fields per coverslip for each experiment.
Preparation and analysis of cytosolic cytochrome c
The cytosolic fractions were prepared and analyzed by western blots using anti-cytochrome c antibodies (Santa Cruz) as described [12] .
Protein oxidation
Oxidation of proteins was detected using oxyblot protein oxidation detection kit (Thermo Fisher Scientific). Briefly, 15 lg of cell or tissue lysates were treated with 10 ll of DNPH solution. The derivatized proteins were analyzed by western blot using anti-DNP antibodies. Band intensities were quantified using Carestream Molecular Imaging system (Carestream Health Inc.). Protein loading was normalized using SYPRO ruby (Bio-Rad) staining of the Western blots.
Detection of intracellular ROS
ROS levels were detected using the Total ROS detection kit (Enzo Life Sciences) and 2 0 ,7 0 -dichlorohydrofluorescein diacetate (H 2 DCFDA; Thermo Fisher Scientific) staining. For total ROS detection kit, ARVMs were treated with OPN for 5 h followed by incubation with ROS-responsive fluorescence probe for 1 h. The cells were then washed with PBS and visualized using a fluorescence microscope (EVOS; Thermo Fisher Scientific). The number of ROS-positive cells exhibiting green fluorescence (relative to total myocytes) was determined by counting *50 cells in 10 randomly chosen fields per coverslip for each experiment.
For H 2 DCFDA staining, cells were pretreated with various inhibitors for 30 min followed by treatment with OPN for 5 h and 30 min. The live cells were then incubated with 50 lM of H 2 DCFDA in growth medium for 30 min at 37°C. Cells were washed with PBS, and visualized using fluorescence microscope (EVOS). Identical exposure conditions were used for all fluorescent images to evaluate the mean fluorescent intensity using NIS-Elements image analysis software (Nikon).
Mitochondrial membrane potential
ARVMs were incubated with JC-1 dye (10 lM, Abcam) for 10 min at 37°C in dark. The cells were then washed in DMEM (without phenol red) and the images of live cells were captured using a fluorescence microscope (EVOS). The fluorescent images, obtained using identical exposure conditions, were analyzed using NIS-Elements image analysis software (Nikon) and the ratio of red (aggregate) to green (monomer) fluorescence (F k585 /F k510 ) was calculated.
Western blot analysis
Cell or left ventricular (LV) tissue lysates were prepared and analyzed by Western blot as described [12] . The primary antibodies used were as follows-cytochrome c, BIK, SOD-2 (Santa Cruz), and NADPH oxidase-4 (NOX-4; Novus). The membranes were stripped and probed with GAPDH (Santa Cruz) as a protein loading control. Band intensities were quantified using Carestream Molecular Imaging system (Carestream Health Inc.).
Immunoprecipitation assay
Band intensities for NOX-4 in the cell lysates were faint to quantify using Western blot analysis. To enhance the signal intensity, cell lysates (500 lg; prepared in RIPA buffer) were immunoprecipitated using 6 lg of anti-NOX-4 (Santa Cruz) antibodies [12] . The immunoprecipitates were analyzed by Western blot using anti-NOX-4 antibodies (Santa Cruz).
Transmission electron microscopy
To examine mitochondrial morphology, myocytes were postfixed and embedded in Epon plastic as described [28] . Ultrathin sections, prepared using Leica ultracut UCT microtome, were examined using a Philips Tecnai-10 electron microscope (FEI) operating at 60-80 kV.
Immunofluorescence
ARVMs were fixed with 2 % paraformaldehyde for 10 min followed by quenching with 100 mM glycine (pH 7.4) for 5 min at room temperature. After permeabilization using 0.4 % Triton X-100 in PBS for 10 min, the cells were incubated with Image-iT Ò FX Signal Enhancer ReadyProbes Ò Reagent (Thermo Fisher Scientific) for 30 min. The cells were then blocked with 10 % donkey serum for 1 h and incubated overnight at room temperature with anti-BIK (1:50, Santa Cruz) and anti-cyclophilin D (1:100, GeneX) antibodies. After washing, the cells were incubated sequentially with Alexa 594-conjugated (to detect BIK; 1:200 dilution) and Alexa 488-conjugated (to detect cyclophilin D; 1:200 dilution, Thermo Fisher Scientific) secondary antibodies for 1 h. The cells were then washed, mounted and visualized using confocal microscopy (Leica TCS SP8).
Statistical analyses
All data are expressed as mean ± SE. Statistical analysis was performed using Student's t test or one-way ANOVA and a post hoc Tukey's test. Probability (p) values \0.05 were considered to be significant.
Results
OPN induces oxidative stress and increases intracellular ROS in ARVMs
The increased plasma OPN concentration in heart failure patients amounts up to *16.6 nM (*1145 ng/ml) assuming molecular weight of OPN as 69 kDa. Previously, we have shown that 2.0 and 20 nM concentrations of OPN increase the magnitude of apoptosis by *2-and 3-fold, respectively (12) . Since the magnitude of apoptosis was greater with 20 nM, this concentration of OPN was used in this study. Protein carbonylation, an irreversible and nonenzymatic form of post-translational protein modification, is commonly used as a marker of oxidative stress [29] . To investigate if OPN induces oxidative stress, we first examined protein carbonylation using OxyBlot. For this, ARVMs were treated with purified OPN protein (20 nM) for 24 h. Quantitative analysis of OxyBlot indicated a significant increase in protein carbonylation in OPN-treated ARVMs versus control (p \ 0.05; n = 4; Fig. 1a ). To investigate if OPN increases intracellular ROS, ARVMs were treated with OPN for 5 h followed by incubation with ROS-responsive fluorescence probe for 1 h. Analysis of ROS-positive ARVMs using fluorescent microscopy indicated that OPN increases the number of ROS-positive cells (CTL, 5.30 ± 1.02; OPN, 24.59 ± 2.99*; *p \ 0.05 vs. CTL; n = 3; Fig. 1b) . Increased ROS levels were confirmed using H 2 DCFDA staining. The mean fluorescence intensity was significantly greater in OPN-treated ARVMs versus control (*p \ 0.05; n = 6; Fig. 1c) . OPN treatment also increased ROS production in AMVMs as analyzed by H 2-DCFDA staining (data not shown). Due to higher myocyte yield, further experiments were carried out using ARVMs.
Involvement of NOX and mitochondria in OPNstimulated ROS production, cytosolic cytochrome c release, and apoptosis
To examine if NAC (antioxidant) can counteract OPN-stimulated increases in ROS levels, cells were pretreated with NAC (1 mM) for 30 min followed by treatment with OPN. Quantitative analysis of ROS using H 2 DCFDA-stained cells revealed that NAC significantly counteracts OPN-stimulated ROS levels (Fig. 2a) . Pretreatment with apocynin (APO; 200 lM; NOX inhibitor), MnTBAP (10 lM; SOD mimetic), glibenclamide (GLIB; 5 lM; mitochondrial K ATP channel blocker) or 5-hydroxydecanoate (5-HD; 1 lM; mitochondrial K ATP channel blocker) also significantly negated OPN-stimulated ROS levels (*p \ 0.05 vs. CTL; $ p \ 0.05 vs. OPN, n = 3-7; Fig. 2a, b) , suggesting a role for NOX and mitochondria. NAC, APO, MnTBAP, GLIB or 5-HD alone had no effect on ROS levels.
To investigate whether these inhibitors affect mitochondrial death pathway, ARVMs were pretreated with NAC, APO, MnTBAP, or GLIB for 30 min followed by treatment with OPN for 6 h. Analysis of cytosolic fractions by Western blot using anti-cytochrome c antibodies indicated that OPN treatment significantly increases the levels of cytosolic cytochrome c. Pretreatment with NAC, APO, MnTBAP, or GLIB significantly inhibited OPN-stimulated increases in cytosolic cytochrome c levels (Fig. 3a) . These inhibitors alone had no effect on the levels of cytosolic cytochrome c (data not shown).
Analysis of apoptosis using TUNEL-assay indicated that pretreatment with NAC, APO Fig. 3b) . NAC, APO, MnTBAP or GLIB alone had no effect on apoptosis (data not shown).
OPN affects expression of oxidative stress-related proteins
In cardiac myocytes, NOX-4 isoform localizes to the mitochondria and aids in mitochondrial production of ROS [16] . SOD-2 is a mitochondrial matrix enzyme that scavenges ROS produced by mitochondria [30] . Immunoprecipitation analysis of cell lysates using anti-NOX-4 antibodies indicated that OPN treatment significantly increases NOX-4 protein levels (*p \ 0.05 vs. CTL; n = 3; Fig. 4a ). In contrast, OPN treatment significantly decreased SOD-2 protein levels as analyzed by Western blot (*p \ 0.05 vs. CTL; n = 5; Fig. 4b ).
OPN induces mitochondrial depolarization and remodeling
Depolarization of mitochondrial transmembrane potential is implicated in ROS production and apoptosis [31] . Therefore, we next measured mitochondrial transmembrane potential using JC-1 staining. A reduction in the ratio of red to green fluorescence indicates a decrease in mitochondrial transmembrane potential. OPN treatment significantly decreased the red-to-green fluorescence ratio (*p \ 0.05; n = 3; Fig. 5a ).
Structural analysis of mitochondria using transmission electron microscopy revealed that OPN induces mitochondrial remodeling. Mitochondria in OPN-treated ARVMs were giant polygon-shaped megamitochondria with decreased matrix density. The mitochondrial cristae were fragmented and disorganized, and formed concave loops (Fig. 5b) .
OPN increases expression of BIK
In cells of non-cardiac origin, BIK is shown to induce remodeling of mitochondrial cristae and apoptosis by mobilizing calcium from the ER to the mitochondria [22, 24] . Western blot and RT-PCR analyses demonstrated that OPN significantly increases BIK expression (Fig. 6a,  b) . Adenoviral-mediated expression of OPN also led to increased BIK expression in ARVMs (Fig. 6c) .
To further confirm increased BIK expression in response to OPN, cells were immunostained using anti-BIK antibodies. Dual immunostaining with cyclophilin D (a vital component of mitochondrial permeability transition pore; MPTP) was used to define localization of BIK to the mitochondria. Analysis of cells using confocal microscopy revealed an increased overall staining for BIK in OPN- (Fig. 6d) .
Role of BIK in OPN-stimulated apoptosis
To investigate the involvement of BIK in OPN-stimulated apoptosis, ARVMs were infected with adenoviruses expressing dominant-negative BIK (Mut BIK) or GFP for 24 h followed by treatment with OPN for 24 h. In Mut BIK, the conserved leucine-61 in the BH3 domain is changed to glycine, thereby making it inactive [22] . Analysis of apoptosis using TUNEL-assay indicated that expression of Mut BIK significantly inhibits OPN-stimulated apoptosis (GFP, Myocyte-specific expression of OPN in adult heart increases oxidative stress, and expression of NOX-4 and BIK Previously, we have shown that increased OPN expression in adult heart in myocyte-specific manner associates with increased myocyte apoptosis and myocardial dysfunction [12] . Analyses of LV lysates, 4 weeks after doxycycline withdrawal, using OxyBlot assay indicated a significant increase in protein carbonylation in OPN-expressing hearts (MHC-OPN) versus SHAM (Fig. 8a) . Western blot analyses of LV lysates indicated a significant increase in NOX-4 and BIK protein levels in OPN-expressing hearts (Fig. 8b, c) . 
Discussion
Increased OPN expression, specifically in myocytes, associates with increased myocyte apoptosis in different models of heart disease [7] [8] [9] [10] . Previously, we provided evidence that OPN stimulates cardiac myocyte apoptosis via the involvement of ER stress and mitochondrial death pathways [12] . A major finding of this study is that OPN increases intracellular ROS levels and induces oxidative stress in myocytes. Increased oxidative stress in response to OPN involves NOX, SOD-2 and mitoK ATP . NOX may act upstream in activation of mitochondrial death pathway since inhibition of NOX decreases cytosolic cytochrome c levels and apoptosis. OPN induces mitochondrial depolarization and affects mitochondrial integrity. OPN increases expression of BIK, a pro-apoptotic protein serving as a crucial link between ER and mitochondria. Adenoviral- mediated expression of dominant-negative BIK decreases OPN-stimulated apoptosis. In vivo, increased OPN expression in myocyte-specific manner in adult heart associates with increased protein oxidation, and expression of NOX-4 and BIK. OPN is suggested to act as a promoter or inhibitor of oxidative stress. In angiotensin II-induced renal damage, lack of OPN associated with increased expression of NOX subunits such as NOX-2, gp47phox and NOX-4 in kidney cortex [27] implicating that deficiency of OPN promotes oxidative stress by upregulating NOX subtypes. In contrast, lack of OPN associated with decreased mRNA levels of NOX subunits (p47 Phox , p67
Phox , and gp91 Phox ) and oxidative stress in aldosterone-induced renal damage [26] suggesting that OPN deficiency protects against oxidative stress. In aortic mesenchymal cells, OPN treatment increased superoxide and the oxylipid product 8-isoprostaglandin F 2 a-isoprostane levels, and expression of NOX-2 [32] . Aortic adventitial myofibroblasts isolated from mice lacking OPN exhibited decreased expression of NOX subunits (NOX-2, NOX-1, p67, and p47) [32] . These studies point towards the possibility that oxidative stress induced by OPN may be tissue-and disease-specific. In cardiac myocytes, OPN-induced oxidative stress as evidenced by increased protein carbonylation, number of ROS-positive cells and H 2 DCFDA staining. Furthermore, scavenging ROS using antioxidants inhibited OPN-stimulated increases in oxidative stress, cytosolic cytochrome c (a biomarker of mitochondrial death pathway) and apoptosis.
NOX-4 subtype is expressed primarily in the mitochondria of cardiac myocytes. It is suggested to be a major source of mitochondrial oxidative stress mediating mitochondrial and cardiac dysfunction in response to pressure overload [16, 19] . Here, OPN treatment increased expression of NOX-4 in myocytes. Expression of OPN in myocyte-specific manner in the heart also associated with increased NOX-4 expression. These data suggest a role for NOX-4 in OPN-induced oxidative stress in myocytes. Apocynin, a specific inhibitor of NOX, decreased cytosolic cytochrome c levels and apoptosis. Intracellular antioxidant enzymes help the cells to recover from oxidative stress. However, decreased expression of antioxidant enzymes and prolonged oxidative stress may induce cell death. Our studies provide evidence that OPN induces mitochondrial depolarization and inhibits expression of SOD-2 (mitochondrial antioxidant). Pretreatment of cells with SOD mimetic, MnTBAP, inhibited OPN-stimulated increases in oxidative stress, cytosolic cytochrome c and apoptosis. Collectively, these studies suggest that mitochondria may serve as a major source of oxidative stress in ARVMs in response to OPN. NOX may act upstream in mitochondrial ROS production and apoptosis. Cardiac myocytes express sarcolemmal K ATP [33] and mitoK ATP . The mitoK ATP are present in the inner mitochondrial membrane and modulate mitochondrial membrane potential, ion homeostasis and matrix volume [34] . MitoK ATP are suggested to play an important role in modulation of ischemic preconditioning as selective antagonism of mitoK ATP inhibits the protective effects of ischemic preconditioning [35] , while selective mitoK ATP agonist mimic the protective effects of ischemic preconditioning with respect to infarct size and myocyte apoptosis [36] . Blocking of mitoK ATP using GLIB is shown to inhibit aldosteroneinduced ROS production in the heart [37] . Reconstitution of myocardial mitoK ATP into the lipid bilayers in vitro suggest that these channels are activated by superoxides [38] . Here OPN-stimulated increases in oxidative stress, cytosolic cytochrome c, and apoptosis were inhibited by the selective inhibition of mitoK ATP using GLIB. These data further support a role for mitochondria, specifically mitoK ATP , in OPN-stimulated myocyte apoptosis.
Opening of the MPTP occurs upon induction of apoptosis. The mitochondrial network fragments and cytochrome-c are released activating downstream caspases [20] . A large influx of calcium into mitochondria from the ER promotes apoptosis. This influx of calcium is regulated by the pro-apoptotic members of BCL-2 family proteins such as BIK and BAX. Under normal conditions, BAX is a cytosolic protein. During apoptosis, BAX undergoes conformational change and insertion into the outer mitochondrial membrane, resulting in cytochrome c release and apoptosis [39] . BAX is also suggested to translocate to the ER and initiate a parallel ER stress pathway of activation of caspases and apoptosis [40] . BIK localizes mainly in the ER [22] . Evidence has been provided for the localization of BIK to the mitochondria and nucleus [23, 41] . BIK is suggested to induce remodeling of the mitochondrial cristae and apoptosis by mobilizing calcium influx from ER to the mitochondria [24, 42] . Besides affecting their cellular localization, apoptotic stimuli generally enhance the expression of pro-apoptotic proteins. Previously, we have shown that OPN increases expression of BAX in ARVMs and the heart [12] . Here we provide evidence for increased expression of BIK in response to OPN. OPN treatmentinduced mitochondrial depolarization and remodeling. Expression of a mutant BIK decreased OPN-stimulated increases in myocyte apoptosis. Collectively, these data suggest a role for BIK in OPN-stimulated abnormal mitochondrial morphology and apoptosis.
Expression of OPN increases in the heart under a variety of pathophysiological conditions of the heart in animal models and in humans. Angiotensin II, endothelin, norepinephrine, cytokines, and glucocorticoid hormone are suggested to induce OPN expression in the heart [2, 3] . The data presented here suggest that OPN induces oxidative stress in myocytes via the involvement of NOX-4, SOD-2, and mitoK ATP . OPN affects expression of apoptotic proteins and induces morphological changes in the mitochondria. Further studies aimed at identifying the molecular signals leading to oxidative stress and expression of apoptosis-related proteins in response to OPN may have important implications for the treatment of myocardial dysfunction.
